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a b s t r a c t
The oral–aboral axis of the sea urchin embryo is speciﬁed conditionally via a regulated feedback circuit
involving the signaling gene nodal and its antagonist lefty. In normal development nodal activity becomes
localized to the prospective oral side of the blastula stage embryo, a process that requires lefty.
In embryos of Strongylocentrotus purpuratus, a redox gradient established by asymmetrically distributed
mitochondria provides an initial spatial input that positions the localized domain of nodal expression.
This expression is perturbed by hypoxia, leading to development of radialized embryos lacking an oral–
aboral axis. Here we show that this radialization is not caused by a failure to express nodal, but rather by
a failure to localize nodal activity to one side of the embryo. This occurs even when embryos are removed
from hypoxia at late cleavage stage when nodal is ﬁrst expressed, indicating that the effect involves the
initiation phase of nodal activity, rather than its positive feedback-driven ampliﬁcation and maintenance.
Quantitative ﬂuorescence microscopy of MitoTracker Orange-labeled embryos expressing nodal-GFP
reporter gene revealed that hypoxia abolishes the spatial correlation between mitochondrial distribution
and nodal expression, suggesting that hypoxia eliminates the initial spatial bias in nodal activity normally
established by the redox gradient. We propose that absent this bias, the initiation phase of nodal
expression is spatially uniform, such that the ensuing Nodal-mediated community effect is not localized,
and hence refractory to Lefty-mediated enforcement of localization.
& 2013 Elsevier Inc. All rights reserved.
Introduction
The symmetry breaking process that speciﬁes the oral–aboral
(ventral–dorsal) axis of the sea urchin embryo is mediated by
nodal, which encodes an extracellular signaling ligand of the TGFβ
family that activates its own expression, establishing a positive
feedback community effect (Bolouri and Davidson, 2010; Duboc
et al., 2004; Flowers et al., 2004). Nodal signaling also activates
lefty, whose extracellular protein product diffuses more readily
than Nodal and interferes with transduction of the Nodal signal,
thereby conﬁning nodal expression to one side of the embryo
(Chen and Schier, 2002; Duboc et al., 2004, 2008; Muller et al.,
2012). Previous studies have provided evidence that in Strongylo-
centrotus purpuratus, the side of the embryo that expresses nodal
(the prospective oral side) contains a higher than average density
of mitochondria, owing to an asymmetric distribution of mito-
chondria in the unfertilized egg (Coffman et al., 2004, 2009). We
have shown that mitochondrial H2O2 is rate-limiting for the initial
(pre-feedback) phase of nodal activity (Coffman et al., 2009),
and that hypoxic culture of early embryos leads to signiﬁcantly
decreased levels of mitochondrial H2O2 and subsequently to
development of radialized larvae lacking an oral–aboral axis
(Coffman et al., 2004; Coluccio et al., 2011). Embryos cultured
hypoxically to late blastula stage (18 h post-fertilization, hpf) were
found to under-express nodal at 18 hpf (and other oral ectoderm
genes later in development), which led us to propose that hypoxia
suppresses speciﬁcation of oral ectoderm by blocking nodal
expression (Coffman et al., 2004). However, we subsequently
found that embryos cultured hypoxically only through late clea-
vage stage (up to 6 hpf) develop a radialized phenotype (Coluccio
et al., 2011). Since nodal is normally activated at 6 hpf (Nam
et al., 2007), we sought to determine how hypoxia affects nodal
expression at time points earlier than 18 hpf. In addressing that
question, the studies reported here show that hypoxia radializes
embryos not by blocking nodal expression, but rather by prevent-
ing its localization to one side of the embryo; and furthermore,
that under normal circumstances the latter must occur progres-
sively, rather than ab initio.
Materials and methods
Sea urchins were purchased from Point Loma Marine Inverte-
brate Lab (Corona del Mar, CA, USA). Embryos were obtained and
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cultured in ﬁltered seawater (FSW) using standard procedures. For
hypoxic culture, oxygen was displaced from FSW using nitrogen
until the dissolved oxygen level was 0.2 ppm, as assayed using
an Ocean Optics FOXY sensor and ﬂuorometer. The hypoxic culture
dishes were placed in a plexiglass gas chamber, which was ﬂushed
with nitrogen until the oxygen level in the outﬂow was 0.2 ppm,
then sealed until a speciﬁed time point was sampled by removing
a dish from the chamber under positive nitrogen pressure. Each
time point was cultured in a separate dish to minimize oxygena-
tion of subsequent time points. An aliquot of embryos removed
from hypoxia at a given time point were allowed to develop to
prism stage under normoxia, and scored for radialization by
morphological criteria as described in Coluccio et al. (2011).
Quantitative RT-PCR was performed as described previously
(Coffman et al., 2009), using either a Stratagene MX3005 real
time thermal cycler or Cepheid Smart Cycler, and the following
primers: nodal – TCCACTTGGCGGCTGTCGTCTGCTT (forward) and
CTTGGCATTCTTCCTTGGATGGGT (reverse); hprt – ACACATTCTGC
GTCCCGAGGCAT (forward) and GGTCGGAGCAGAACTTGTAGC
CTCCTT (reverse); and lefty – CTCTCGTGGACAAGTCGCTGGATCAT
(forward) and GATCATGTTCGGGATCTCCTCCACTT (reverse). Rela-
tive expression levels were calculated using the delta–delta Ct
method, using HPRT levels, which varied very little between
samples and are assumed not to change developmentally or in
response to hypoxia, as normalization reference (Coffman et al.,
2009).
Fluorescent whole mount in situ hybridization was performed
as described by Ertl et al. (2011).
Preparation and microinjection of nodal-5P-GFP reporter gene
DNA, blastomere injections, staining of embryos with MitoTracker
Orange (Life Technologies), laser scanning confocal imaging of live
stained embryos, and quantitative image analysis was carried out
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Fig. 1. Effects of timed embryo exposures to hypoxia on Sp-nodal expression and oral–aboral axis development: (A) relative per-embryo levels of nodal transcripts at 9, 12,
and 18 h post-fertilization in normoxically and hypoxically cultured embryos. Error bars are standard deviation of technical replicates. (B) Spatial expression of nodal,
revealed by confocally imaged ﬂuorescent WMISH at 12 hpf in normoxically and hypoxically cultured embryos from the experiment shown in (A). (C) Early temporal
expression proﬁles of nodal in normoxically and hypoxically cultured embryos, assayed as in (A), but in a different year with a different batch of embryos. (D) Relative per-
embryo levels of nodal transcripts at 16 hpf in embryos cultured hypoxically up to 8 or 16 hpf, compared to normoxic controls, from the experiment shown in (C). (E) Lateral
view showing the radialized phenotype of a 2 day (55 h) embryo cultured hypoxically for 9 h beginning at the 2-cell stage. (F) Quantiﬁcation of prism stage oral–aboral axial
phenotypes following different durations of hypoxic culture (from the time-course experiment shown in Fig. 1C). For each sample 50 embryos were counted and scored as
either morphologically normal (bilaterally symmetric), intermediate, or radialized.
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as described previously (Coffman et al., 2009). The translation-
blocking morpholino antisense oligonucleotide used to knock-
down nodal was described in Ertl et al. (2011).
Results and discussion
Embryos cultured hypoxically over-express nodal at mid-blastula
stage
An initial series of measurements using quantitative reverse
transcription and polymerase chain reaction (qRT-PCR) of total RNA
extracted from sibling embryos cultured normoxically or hypoxi-
cally up to 9, 12, and 18 hpf revealed that while nodal was
underexpressed at 9 and 18 hpf, surprisingly, it was signiﬁcantly
overexpressed at 12 hpf (Fig. 1A, Supplemental Fig. S1A). Whole
mount in situ hybridization (WMISH) using a ﬂuorescently labeled
nodal antisense probe showed that the overexpression at 12 hpf is
due to a failure of localization (Fig. 1B). Subsequent qRT-PCR
experiments with a more ﬁne-grained time course reproduced the
overexpression of nodal under hypoxia at 12 hpf, and indicated that
in some cultures this overexpression is maintained, at least to late
blastula stage (Fig. 1C and D, Supplemental Figs. S1B–D and S2).
In those cultures in which nodal overexpression was main-
tained, most embryos developed an overtly ‘oralized’ (bell-shaped,
unpigmented) phenotype that is the expected result of nodal
overexpression (Fig. 1E, Supplemental Fig. S3; Hardin et al., 1992;
Duboc et al., 2004). This differs from the ‘aboralized’ phenotype
reported previously in embryos in which nodal expression is
extinguished (Coffman et al., 2004). It should be noted however
that there was substantial phenotypic variability within each
culture (Supplemental Fig. S3). Moreover, in a minority of hypoxic
cultures (o25%) embryos did not undergo radialized develop-
ment, and in those cultures we detected no quantitative change in
nodal expression at blastula stage. Thus, there is signiﬁcant
biological variability in the response of S. purpuratus embryos to
hypoxia, which likely explains the discrepancy between our results
and those previously reported by Agca et al. (2009). Nevertheless,
we ﬁnd that embryos from cultures that display radialized devel-
opment consistently over-express nodal at mid-blastula stage,
contrary to our initial expectation. This overexpression is not
due to a failure to express lefty, as lefty was also overexpressed
(essentially tracking nodal expression; Supplemental Fig. S4), as
would be expected given that lefty is activated by Nodal signaling.
Rather, the overexpression appears to be due to hypoxic perturba-
tion of the redox-sensitive initiation of nodal activity, as
discussed below.
The reason for the eventual extinction of nodal activity
observed in some cultures (e.g. Fig. 1A, and as reported previously;
Coffman et al., 2004) is not known, although it is probably due to
perturbation of cell physiological parameters required for Nodal
signaling, and hence for maintenance of nodal expression through
positive feedback. The reason for the biologically variable response
to hypoxia is also unknown, although in general stress might be
expected to produce variable physiological responses on a wild-
type background.
Hypoxia radializes by perturbing the initiation phase of nodal activity
We previously demonstrated that the window of sensitivity for
hypoxia-induced radialization extended only through late clea-
vage/early blastula stage (Coluccio et al., 2011), and this result was
reproduced in the time courses depicted in Fig. 1. Thus, embryos
removed from hypoxia as early as 8–9 hpf (late cleavage, 60-cell
stage) went on to develop a radialized phenotype (Fig. 1F), even
though at that stage the hypoxically cultured embryos had per-
embryo levels of nodal mRNA that were lower than (Fig. 1A,
Supplemental Fig. S1A) or similar to (Fig. 1C, Supplemental
Fig. S1B) those of their normoxically cultured siblings. However,
by late blastula stage (16 hpf) embryos removed from hypoxia at
late cleavage stage (8 hpf) overexpressed nodal (Fig. 1D, Supple-
mental Fig. S1C, D), indicating that the blastula stage overexpres-
sion is caused entirely by hypoxic perturbation of nodal activity
during cleavage stage, prior to when the overexpression becomes
manifest. As noted above, nodal is initially activated at 6 hpf, and
its expression is ampliﬁed to maximal levels by positive feedback
over the next 3 h (Nam et al., 2007). Since a signiﬁcant proportion
of embryos removed from hypoxia even at 6 hpf undergo radia-
lized development (Coluccio et al., 2011), it is clear that hypoxia
radializes embryos by perturbing the initiation phase of nodal
activity, rather than its positive feedback ampliﬁcation.
In sum, these results show that hypoxia radializes embryos by
delocalizing nodal expression, manifesting quantitatively at blas-
tula stage as overexpression, and that it does so by perturbing the
initiation phase of nodal activity. It is important to note that this
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
HypoxicNormoxic
Fr
eq
ue
nc
y 
po
si
tiv
e 
co
rr
el
at
io
n
Expected
if random
HypoxicNormoxic
Fig. 2. Effects of hypoxia on spatial correlation between nodal-5P-GFP expression
and mitochondrial distribution: (A) examples of normoxically- and hypoxically-
cultured 12 h embryos labeled with MitoTracker Orange (red), expressing micro-
injected nodal-5P-GFP (green). The dotted line illustrates how the images were
divided into GFP expressing and non-expressing halves for quantifying average
MitoTracker pixel intensity, as described previously (Coffman et al., 2009). In the
normoxically-cultured embryo shown, the expressing half has a higher than
average MitoTracker signal, whereas in the hypoxically-cultured embryo the
expressing half has a lower than average MitoTracker signal. (B) Correlation
between nodal-5P-GFP expression and a higher than average MitoTracker signal
in the expressing half, in sibling embryos cultured normoxically and hypoxically.
A Chi-squared test with one degree of freedom was used to assess statistical
signiﬁcance of the difference between the observed correlation and what would be
expected at random. For the normoxic embryos n¼39; for the hypoxic embryos
n¼28.
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differs from the radializing effect of nickel (or zinc), wherein
perturbation of the feedback phase of nodal activity leads to
progressive delocalization (following initial localization at mid-
blastula stage), within a signiﬁcantly later, non-overlapping win-
dow of sensitivity (Ertl et al., 2011; Hardin et al., 1992). This rules
out the possibility that the overtly similar teratogenic effects of
hypoxia and nickel are mediated by a common mechanism.
Hypoxia abolishes the spatial correlation between mitochondria and
nodal activity
Although our initial hypothesis that hypoxia radializes embryos
by blocking nodal expression proved to be incorrect, the possibility
remained that hypoxia nevertheless interferes with the initial
spatial inﬂuence of the mitochondrial redox gradient on nodal
activity. The initiation of nodal transcription is mediated by
multiple global activators (some of which are known in other
contexts to be redox-sensitive; Nam et al., 2007; Range et al.,
2007; Range and Lepage, 2011) and available evidence suggests
that these sufﬁce to initiate expression even in the absence of
mitochondrial redox signaling, albeit at a slower rate than normal
(Coffman et al., 2009). Thus redox signaling appears not to be
required to activate nodal transcription per se, but rather to
provide an initial spatial bias in the rate of nodal transcription or
transcript accumulation. If this is correct then hypoxia might be
expected to erase the initial spatial bias in nodal expression, by
eliminating the redox input. To test this we made use of the nodal-
5P-GFP gene construct that reports the early spatiotemporal
pattern of nodal activity (Coffman et al., 2009; Nam et al., 2007).
When embryos microinjected with this reporter are labeled with a
ﬂuorescent MitoTracker probe, the correlation of nodal activity
with mitochondrial distribution can be assessed (Coffman et al.,
2009; Fig. 2A). As expected, a signiﬁcant majority of normoxically
cultured embryos displayed a higher than average MitoTracker
signal on the side of the embryo expressing nodal-5P-GFP (2/3
embryos showing a positive correlation, as found previously;
Coffman et al., 2009), whereas this correlation was abolished in
sibling embryos cultured hypoxically (Fig. 2B). The latter embryos
nevertheless displayed an asymmetry in MitoTracker signal inten-
sity (Fig. 2A), indicating that the loss of spatial correlation was not
due to loss of the mitochondrial asymmetry. This result corrobo-
rates the WMISH data (Fig. 1B) indicating that nodal expression is
delocalized by hypoxia.
Together these results suggest that hypoxia radializes embryos
by eliminating the initial redox-responsive asymmetry in nodal
activity. We propose that under hypoxia, nodal is activated, but its
transcripts accumulate in a spatially uniform manner, eventually
reaching the threshold level needed to launch a positive feedback
community effect, which would not be localized. Although lefty
would be activated by the regulatory state thus established, the
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Fig. 3. Knockdown of nodal in embryo halves rescues a secondary axis and entrains oral–aboral polarity in hypoxically-cultured embryos: (A) diagram of experimental setup
and (B) quantiﬁcation of axial phenotypes obtained at 3 days post fertilization (dpf) after the embryos were cultured hypoxically for 9 h following injection, with images of
representative examples. Note that in some initial experiments (not shown) the hypoxically-cultured sham controls (including uninjected controls subjected to all steps in
the injection procedure except for the injection itself) unaccountably developed a secondary axis. In those experiments the hypoxically-cultured non-sham embryos were
nevertheless radialized. (C) Quantiﬁcation of the ultimate location of the ﬂuorescent lineage tracer, with example images of injected embryos at 3 dpf showing the oral and
aboral patterns. The numbers for the control embryos were obtained from experiments in which the controls were not radialized.
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lack of an initial asymmetry in nodal expression would render
moot Lefty0s normal spatial role in enforcing localized nodal
activity. If this model is correct then blocking nodal expression in
half the embryo, which would introduce an asymmetry in nodal
activity by preventing positive feedback in that half, should allow
an oral–aboral axis to develop in hypoxically cultured embryos,
with the embryo half in which nodal is knocked down fated to
become aboral ectoderm. We tested this by injecting single
blastomeres of 2-cell stage embryos with a translation-blocking
morpholino antisense oligonucleotide (MASO) that targets the
initiation codon of Sp-nodal (Ertl et al., 2011), along with ﬂuor-
escent dextran as a lineage tracer, then cultured the embryos
hypoxically for 9 h. As predicted, and in contrast to their sham-
injected siblings, hypoxically-cultured embryos injected with the
nodal MASO developed an oral–aboral axis, and the injected
blastomeres invariably gave rise to aboral ectoderm (Fig. 3). The
latter result was also obtained in embryos cultured normoxically
(data not shown), whereas blastomeres injected with dextran
alone were equally predisposed to give rise to oral or aboral
ectoderm (also as expected; Fig. 3C). These results are consistent
with the proposed model (Fig. 4), and rule out our earlier
proposition that hypoxia-induced radialization is caused by loss
of nodal expression.
The blastomere injection results add substantial empirical
support to the proposition that nodal is initially activated broadly
if not globally (albeit in a gradient), and then progressively
localized, as suggested by the WMISH results reported previously
by others (Duboc et al., 2004; Flowers et al., 2004; Range et al.,
2007; Range and Lepage, 2011): for if nodal transcription was
conﬁned ab initio to those blastomeres whose descendents are
fated to become oral ectoderm, a signiﬁcant proportion (50%) of
the MASO-injected embryos (those receiving the MASO in the
blastomere that would normally generate oral ectoderm) should
have been radialized by the knockdown, which was not observed
(whether or not the embryos were cultured hypoxically). The
proposed model (Fig. 4) is fully consistent with and helps explain
the regulative nature of oral–aboral axis speciﬁcation, famously
manifested by the fact that each blastomere of the 4-cell embryo
remains totipotent (Driesch, 1892).
These data also help explain a previously enigmatic result.
In our initial study of the radializing effect of hypoxia we found
that aboral ectoderm gene expression is quantitatively unaffected
at late gastrula stage (Coffman et al., 2004). However, if the
radialization was simply attributable to loss of nodal expression
(as initially hypothesized) then aboral ectoderm genes would be
expected to also be underexpressed, given that aboral ectoderm is
speciﬁed cell non-autonomously via BMP2/4, which, along with its
short-range inhibitor Chordin, is activated within pre-oral ecto-
derm by Nodal signaling (Bradham et al., 2009; Duboc et al., 2004;
Lapraz et al., 2009). Thus, in contrast to hypoxia, molecular
knockdown of nodal abolishes speciﬁcation of both oral and aboral
ectoderm (Duboc et al., 2004). The ﬁndings reported here indicate
that hypoxia does not in fact block nodal expression, but rather
causes a broad expansion of that expression, followed in some
cases by its global extinction (Fig. 1A and B; Coffman et al., 2004;
Agca et al., 2009). Thus the nodal-dependent pre-oral ectoderm
regulatory state upon which aboral ectoderm speciﬁcation
depends is established at least transiently in hypoxically cultured
embryos. This, together with the recent report that the Hypoxia
Inducible Factor-1α (HIF-1α) is also an early (presumably cell
Fig. 4. Updated model of oral–aboral axis speciﬁcation in the sea urchin embryo that accounts for the radializing effect of hypoxia: (A) diagram showing the spatial
relationship between mitochondrial distribution in the cleavage stage embryo (blue); nodal mRNA expression (and by 12 hpf, lefty as well) at cleavage and blastula stage
(green); Lefty protein diffusion and resultant inhibition of Nodal signaling at blastula stage (red), and the oral–aboral axis of the pluteus. (B) Diagram relating the redox
gradient in the cleavage stage embryo to the spatially differential rates of nodal mRNA accumulation, leading to a localized (pre-oral) community effect regulatory state that
activates lefty, whose extracellular product enforces that localization. (C) Diagram depicting the model suggested by the ﬁndings presented in this paper: hypoxia abolishes
the redox gradient that normally generates the initial spatial bias in nodal mRNA accumulation, allowing development of a non-localized Nodal-mediated community effect
within presumptive ectoderm.
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autonomous) activator of genes that establish the aboral ectoderm
regulatory state (Ben-Tabou de-Leon et al., 2013), explains why
hypoxia is conducive to aboral ectoderm gene expression.
In conclusion, our results show that hypoxia radializes sea
urchin embryos by erasing the spatial information that normally
imparts the initial asymmetry in nodal activity required to specify
the secondary axis of the embryo.
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